In the present paper, the regional model (MM5) has been used to evaluate the performance of three cumulus parameterization schemes (CPSs, namely, the AnthesKuo, Bette-Miller and Grell) over the Indian summer monsoon season of 1998. The model was integrated at 90 km horizontal resolution for the peak monsoon period of July, 1998. The initial and boundary conditions were taken from the National Center for Environmental Prediction (NCEP) reanalysis available at 2.5°horizontal resolution. The performance of these CPSs has been examined using precipitation, wind, surface air temperature and heat -moisture data. Features of the Indian summer monsoon are found to be fairly well simulated by these three schemes; however, some differences are found in the typical features of the Indian summer monsoon. The strength of low level westerly jet, the cross equatorial flow, and the tropical easterly Jet have emerged clearly in the simulation using Grell compared to other CPSs. The Grell cumulus convection scheme shows ascending motion over whole tropical monsoon region and descending motion in mid latitude and is found to show close resemblance with the reanalysis data. The model simulation with Kuo cumulus scheme shows descending motion over tropical region, which is found to be unrealistic during monsoon and provide under estimation of rainfall over the Indian region. Strong upward motion over oceanic region by the model using Betts-Miller and Kuo schemes is also found to be unrealistic. The simulation of heat and moisture budget, and distribution of rainfall during monsoon period over Indian subcontinent are found to be improved considerably using Grell scheme as compared to other CPSs, whereas using Kuo scheme, rainfall is found to be underestimated over Indian subcontinent.
INTRODUCTION
Convective clouds play an important role in the development of south-east Asian summer monsoon system by redistributing heat and moisture. Much of the precipitation occurs in the south east Asian region, especially during the warm season associated with the convective cloud formation.
These include the number of nest, type of convection schemes and planetary boundary layer parameterization scheme and some others options. A brief description of the model configuration used in the present study is given in table 1.
DATA AND EXPERIMENTAL DESIGN
The non-hydrostatic version of MM5 (Grell et al., 1994 ) is used as a common testing framework to investigate normal monsoon rainfall forecast for three different CPSs with important physical parameters as given in table 1. The three different CPSs selected for the present study are the schemes of Betts-Miller (hereafter referred to as BM), Grell (referred as GR) and Kuo (referred as KU).
The model domain ( fig. 1 ) used in the present analysis has a horizontal resolution of 90 km over south east . The model is integrated continuously from 00UTC 21 June to 00UTC 31 July 1998, while lateral boundary forcing for the domain was one way and provided every six hours by the National Center for Environmental Predication/National Centre for Atmospheric Research (NCEP/NCAR) (Kalnay et al., 1996) using reanalysis data. The model sea surface temperature is updated every 6 hourly during simulation of the model and used as lower boundary condition. The two additional input used in this simulation are 1-degree global maximum snow albedo and 0.15-degree monthly climatological (snow-free) albedo. The United States Geological Survey (USGS) 25-category global coverage land use data set at 10' resolution is used at the lower boundary of the model. The four layer land surface model NOAH is considered based on the earlier sensitivity experiment (Singh et al., 2007) . The model outputs are saved every 12 hourly for further analysis for the month of July and comparison with reanalysis data and other available observations. Since only the results for the month of July are compared, the spin-up period for the simulation is in the order of 10 days only.
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RESULTS AND DISCUSSION

Circulation features
The model simulated monthly mean wind vectors at 850 hPa pressure level produced for the month of July 1998, using three CPSs and corresponding verification analysis ( fig. 2 ). This shows that the significant features simulated in the wind field consist of Somali jet and the cross equatorial flow pattern. Both features are found in close agreement with verification analysis. The cross equatorial flow pattern in the southern Arabian Sea plays an important role in the development of intense convective activity and formation of cloud during summer monsoon season. A close comparison of the three simulations clearly shows that the strong westerly flow over the Arabian Sea brings heavy rainfall over the west coast of India (Findlater, 1969) is not well represented using KU scheme and the westerly flow over the Indian land mass is found to be underestimated. The stronger south easterly trades in the South West Indian Ocean is found to be well simulated using the GR and BM schemes, whereas the KU scheme is found to be very weak compared to the verification analysis. However, certain features simulated with GR scheme are found to be close to those in the verification analysis whereas performance of KU scheme is found to be poor. A similar comparison was made for the altitude corresponding to 200 hPa pressure level ( fig. 3 ). The characteristic features of the monsoon circulations are found to be elongated Tibetan anticyclone; subtropical westerly and tropical easterly jets are reproduced in the model simulations. The strength of the tropical easterly jet is found to be poorly represented in the simulation using the KU scheme, whereas in other two simulations it is found to be slightly weaker compared to the verification analysis. The anti-cyclonic circulation over Tibet (Tibetan anticyclone) is clearly observed using the GR and BM schemes compared to KU scheme and is found to be in close agreement with the verification analysis.
30
Indian summer monsoon circulation
International Journal of Ocean and Climate Systems It would be of interest to examine the vertical structure of both zonal and meridional jets. For this purpose, a latitude cross section of the sectorial (30°E-120°E) monthly mean zonal wind for July 1998 is shown in figure 4 for verification analysis, for the GR, the KU, and the BM CPSs. Figure 4 indicates the low -level jet was well simulated in all three schemes, but the location and area of the jet for GR scheme were found in good agreement with the verification analysis. However, the simulation of the low-level jet is found to be weaker in the model simulations compared with the analysis. It may be partly attributed to the coarse horizontal resolution. The strong upper level tropical easterly jet (200 hPa) is well simulated by all three schemes ( fig. 4) In Figure 5 , a similar comparison for the mean meridional wind over sectorial region (30°E-120°E) is shown. The verification analysis ( fig. 5a ) clearly shows a strong inflow into the monsoon land mass at low levels and outflow at higher levels. This kind of flow pattern is typical for summer monsoon circulation. This meridional circulation leads to influx of moisture at lower levels into the monsoon region with intense convective activity and upper level strong divergent flow from the region. Figure 5 shows slightly weak meridional circulations in comparison to the verification analysis simulated using GR and BM schemes but such features at the upper level were not captured with the KU scheme. The upper level north/south return flow as simulated by CPSs are found to be weaker in comparison with the verification analysis. Here, the BMJ cumulus scheme is found in close resemblance with verification analysis whereas model simulation with GR scheme shows slightly weaker upper level flow. Figure 6 shows vertical velocities (omega) at different levels. The simulation using GR cumulus scheme shows ascending motion over whole tropical monsoon region and descending motion in mid latitude, which is in close resemblance with the verification analysis, except between 5-10°E below 700 hPa pressure level. However, the strength of rising motion is underestimated between 20°N and 25°N. The results obtained using KU scheme shows descending motion over tropical region (5°N to 10°N). The strong upward motion over oceanic region as simulated by the model using BMJ and KU scheme is found to be unrealistic and is not observed in the global verification analysis.
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Surface air temperature
The monthly mean surface air temperature distribution as obtained from the model simulation using three CPSs and corresponding verification analysis is shown in figure 7 . A close comparison of three simulations shows maximum of mean temperature distribution over the northwest Indian region, This zone is crucial for the formation of heat low and the build-up of mass and moisture from the southern hemisphere. In the northern parts of India, the temperature gradient is found to be over-estimated (figure 7) by all the three different cumulus schemes. It is also found that model simulated temperature over equatorial region, with all three CPSs; do not agree well with verification analysis, cooler west coast of India is found from the model simulations. The surface winds ( fig. 2 ) are found to be stronger over this region, which suggests that horizontal advection may be more important compared to the local surface fluxes in determining the local surface temperature. The correlation coefficient (CC) and root mean square error (RMSE) are two important factors for validating the models simulation ability (Zhao et al., 1997) . Table 2 gives RMSE, CC and biases in percentage between verification analyses and model simulation using three CPSs over four homogeneous Indian sub-regions (North West India -NWI, the Central India -CI, the North East India -NEI and the Southern Peninsular India -SPI) (Parthasarathy et al., 1995) . Strong correlation coefficients are found for all three schemes ( Table 2 ). The results obtained using KU do not agree well with verification analysis and observed bias are found to be higher for all regions except for SPI region, RMSE found to be high. The GR scheme found to show a better correlation coefficient except for SPI region. Similarly the BM scheme show maximum bias for CI region and minimum over NEI region. In this simulation, the correlation coefficient is also found to be reasonable except for SPI region, for the NEI region, the correlation coefficient is found to be maximum.
Diabatic heating and Rainfall
The diabatic heating (not shown) as obtained from model simulation using GR scheme shows strong heating over the Arabian Sea and the Bay of Bengal. These (heating) features over same location are also observed using NCEP reanalysis which is found to be much weaker compared to that obtained by model simulation. In the simulation with BM scheme, diabatic heating pattern over the Arabian Sea branch is found to be shifted towards south and with KU scheme, the heating is observed over the Indian Ocean during the summer monsoon. Strong heating is found to enhance the south-westerlies and this may be augmented further by precipitation and latent heat release over the land area. These characteristics indicate the complexity of the diabatic forces and the additional role of dynamical factors that influence the summer monsoon. Figure 8 represents the spatial distribution of total precipitation from model simulations with three CPSs along IMD rainfall observations. The IMD and Xie-Arkin (not shown) observations provide characteristics features of the Indian summer monsoon rainfall peaks in west coast of India, along the monsoon trough and along the southern periphery of the Himalaya. However, the KU scheme is not able to capture all such features. Over oceanic regions, precipitation (Figures 8b-d ) is found to be overestimated using all CPSs. These precipitation bands over oceanic regions are supported by diabatic heating (figure 8). The BM scheme is found to be overestimate the rainfall while KU scheme underestimates over the India sub-continent. The overall spatial distribution of the monsoon precipitation is found to be reasonable with GR scheme. The diabatic heating pattern as shown in the model simulation using GR scheme is close resemble with the precipitation bands (not shown).
The simulation with KU scheme produces very weak and poorly organized rainfall pattern (figure 8d) over India, This seems to be due to two fundamental ways in which the KU parameterization using MM5 is found to be different from others. First, because the amount of rainfall depends on the moisture convergence and not on the conditional instability, the decrease in conditional instability late in the simulation does not cause a decrease in the rainfall. In nature, Raymond and Emanuel (1993) have found that the convection is caused by conditional instability not by the water supply. Second, the A P. Singh, R. P. Singh, P. V. S. Raju and R. Bhatla specified vertical profiles of heating and drying, which are functions only of cloud-base height and cloud-top height, do not always deplete the air that is source of the uplift.
Heat and moisture budgets
The comprehensive analysis of thermo-dynamical features are further examined through large-scale budgets of heat and moisture (Raju et al., 2002) for three CPSs. Figure 9 shows the sectorial mean of heat flux for the month of July 1998 using three CPSs and corresponding verification analysis. A close comparison of the three simulations shows that the strong flux convergence of heat in the lower levels and strong flux divergence of heat in the upper levels, which is the characteristics feature of the Indian summer monsoon. The simulation using GR cumulus schemes shows that the lower level maxima of flux convergence occurs at around 20°N and 35°N and the upper level maxima of divergence occurs over the region around 10°N and 35°N. Both features are found to be in well agreement with the verification analysis. However, strong flux convergence at lower level and strong divergence at upper level over oceanic region as simulated by the BM and KU cumulus schemes is found to be unrealistic and is not obtained in the verification analysis. The adiabatic generation of available potential energy (APE) to kinetic energy ( fig. 10 ) using GR cumulus scheme is found to be maximum at around 300 hPa pressure level and secondary maxima at around 500 hPa pressure level in the monsoon region which is also observed in the verification analysis, but BM and KU cumulus schemes strongly generate these features over oceanic region only. However, the presence of strong thermodynamic environment is not found to be adequate for the occurrence of deep convection (Bhowmik et al., 2008) . Further, the adiabatic generation pattern resulted due to the fact that over the entire monsoon region warm air further warms up and cold air further cools down, which in turn produce available potential energy (APE) that ultimately, gets converted to kinetic energy due to the association of warm air with rising motion over the monsoon region. Hence, the monsoon region is characterized as the source of kinetic energy. Also, negative generation by three cumulus schemes in the southern hemisphere tropics delineates the subsidence in that region which is also emerged from the simulation using BM and KU schemes. Further, the diabatic heating pattern generated by cumulus schemes depicts lower level maximum close to the ground. All three cumulus schemes ( fig. 11 ) and verification analysis show fluxes with maxima over same location (0°-15°N) but it has emerged very strong from verification analysis compared to the model outputs. The model simulations using three CPSs show diabatic cooling in the lower levels and strong diabatic heating in the upper levels, though GR cumulus scheme is found to show close resemblance with verification analysis. But BM and KU cumulus schemes show these features over oceanic region only, which is not observed in verification analysis. The lower level diabatic heating is found to be most probably due to the turbulent transfer of the sensible heat from the warm land and ocean surface to the boundary layer. However, the upper tropospheric maxima are due to release of latent heat thorough condensation mechanism particularly in the cumulus clouds. The sectorial mean of moisture flux convergence ( fig. 12 ) generated by three outputs using cumulus schemes show a zone of strong convergence in monsoon region with a maximum between 20°N and 30°N. Flux divergence is observed over the region 0 -10°N. These features are well supported by the verification analysis ( fig. 12a ). The BM and KU schemes show strong convergence over the oceanic region, though this feature is completely found to be absent in verification analysis. The moisture flux convergence plays a vital role in the maintenance of monsoon circulation. The organized and strong moisture convergence enhances cumulus convection due to intense vertical motions. The cumulus convection results into strong diabatic heating. The intense heat source attracts more moisture flux into the monsoon region as a feedback process. 
CONCLUSION
Based on the numerical simulation experiments using three CPSs during peak rainfall month of July over India revealed the following broad conclusions.
1. The present analysis shows that the model underestimates low level westerlies and upper level easterlies in each scheme. However, both these jets are found to be better represented using GR scheme. The GR scheme is found to predict zonal and merdional velocity better at each level compared to other schemes. The GR scheme is also found to better predict vertical motion at different levels and found to be in close resemblance with NCEP reanalysis, whereas BM and KU schemes generate convergence maxima and divergence over oceanic region only, which is an unrealistic characteristic during summer monsoon. 2.
The dynamical and statstical analysis of surface air temperature show low heat over the NorthWest India using the GR scheme. 3.
The distribution of rainfall is found to be overestimated in the model simulation over oceanic region using all three schemes. However, the simulation with GR scheme provides reasonable rainfall with spatial distribution over the Western Ghats and North-East India which is better compared to other two schemes. Some features of rainfall on Indian sub-continent are found to be well simulated using BM cumulus schemes but performance of KU scheme is not found to be very realistic. It gives drier condition over the Indian region. The diabatic heating as obtained from model simulation using GR scheme shows strong heating over the Arabian Sea and the Bay of Bengal. These (heating) features over same location are also observed from NCEP reanalysis 4.
Evaluation of all the dynamical terms in the heat and moisture budget shows that the GR cumulus scheme leads to the formation of a strong diabatic heat source in the region to maintain the monsoon circulation. It is also found that the distribution of heat flux convergence, horizontal flux of moisture and available potential energy to kinetic energy is well simulated by GR scheme compared to the verification analysis, whereas BM and KU schemes generate all these features over the oceanic region only, which is an unrealistic characteristic during summer monsoon.
APPENDIX
Betts-Miller Scheme
The Betts-Miller scheme is non-precipitating shallow convection schemes which carries moisture upward and maintains low level temperature inversions. Deep convection transports heat and moisture upward and produces precipitation. Model profiles of temperature and specific humidity are compared to profile derived from numerous observations based on actual tropical convection. The model profiles are then relaxed (adjusted) towards the reference profile. The precipitation is deduced from the net negative change of specific humidity in the deep convective cloud model. If the net change is found to be positive (i.e., net evaporation occurred rather than condensation), no adjustment of the variables is made at that grid point. This scheme is found to be useful at grid scales large than 30 km, but not in severe weather simulation.
Grell Scheme
The Grell (modified Arakawa-Schubert) scheme is based on the rate of destabilization of a single cloud with updraft and downdraft fluxes and compensating motion determining the heating profile. In contrast to the original scheme, this scheme includes moist convective-scale downdrafts and allows for detrainment below the cloud. This cloud downdraft outflow below the cloud changes the origins of the updraft air from a mixture of downdraft and the surrounding environment to one of air slightly above the outflow. Maximum buoyancy for both the updraft and downdraft is allowed in this scheme
Kuo scheme
In Ku scheme the amount of convection is determined by the vertically integrated moisture convergence. The feedback to the larger scale is determined with the help of vertical profiles of convective heating and moistening. A vertical eddy flux divergence of water vapor is associated with cumulus convection. A portion of the vertically integrated moisture convergence is assumed to condense and precipitate, while the remaining portion is assumed to moisten the grid column. This portion is a function of the mean relative humidity of the column, the mean relative humidity equals to or less than 50%, this process always results in moistening the column. This scheme is mostly applicable to larger grid sizes and it tends to produce too much convective rainfall.
